As a kind of environmentally friendly corrosion inhibitor, the extract from pomelo peel was evaluated for C38 carbon steel in 1 M HCl solution. The corrosion inhibiting performances of the extract from pomelo peel was confirmed using electrochemical method, weight loss measurement and scanning electron microscope (SEM) observation in the temperature range between 298 and 328 K. The inhibition efficiency was found to increase with the concentration of the extract from pomelo peel. Electrochemical impedance spectroscopy (EIS) measurement indicated that the corrosion process of the steel was inhibited by the adsorption of the extract from pomelo peel, following a Langmuir-type isotherm.
Introduction
Corrosion inhibitors [1] [2] [3] [4] [5] [6] [7] [8] have been widely used in modern industry because it provides a low-cost but effective way for inhibiting the corrosion of metals. On the other hand, some effective inhibitors are known to pollute environment, which become a serious problem for their application.
With the development of the economy, much attention has been paid on the environment protection and the development of environmentally friendly corrosion inhibitors has become an important research aspect. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Radojčić et al. 9 studied natural honey (chestnut and acacia) and natural honey with black radish juice on corrosion of tin in sodium chloride solutions. Umoren et al. 10 investigated the inhibition of aluminum corrosion in HCl solution by exudate gum from Raphia hookeri. Oguzie 11 studied the inhibitive action of some plant extracts on the corrosion of steel in acidic media. Oguzie [12] [13] [14] [15] also investigated Occimum viridis, Telferia occidentalis, Azadirachta indica and Hibiscus sabdariffa as well as extracts from the seeds of Garcinia kola on mild steel corrosion in acidic solutions. Akalezi et al. 16 reported that the biomass extract from the petersianthus macrocarpus could inhibit the corrosion of mild steel in acidic media. Rocha 17 studied the fruit peel aqueous extracts for their corrosion inhibition of carbon steel in HCl solution. Lebrini et al. 18 studied the corrosion inhibition of C38 steel in 1 M HCl medium by the alkaloid extracts from Oxandra asbeckii plant. Pereira et al. 19 investigated the inhibitive action of aqueous garlic peel extract on the corrosion of carbon steel in HCl solution. Hussin et al. 20 studied the corrosion inhibition of Uncaria gambir extract on the corrosion of mild steel in aqueous solution. Hmamou et al. 21 investigated the inhibition of mild steel in 1 M HCl solution by the prickly pear seed oil extract.
In the present study, the extract from pomelo peel was investigated as an environmentally friendly corrosion inhibitor for C38 carbon steel in 1 M HCl. The corrosion inhibition behaviors were evaluated using electrochemical method, weight loss measurement and scanning electron microscope (SEM) observation.
Experiment

Material preparation
Pomelos were bought in the fruit supermarket of Xindu, Chengdu, China. Based on the procedures reported previously, 22 500 g of pomelo peel was cut and soaked in 1 M HCl solution (1.5 L) for 5 days at 303 K, then added into 0.5 L of 1 M HCl stock solution. The mixed solution of the extract was collected by filtration, and then was concentrated. The concentration of the extracts produced by this method was 1.0220 g/mL, and this solution was used as corrosion inhibitor throughout the experiments. As previously reported, 22 the extract of pomelo peel is a mixture of several compounds such as naringin, naringenin-4B-O-glucoside and aurapten (Fig. 1) . These compounds show complicated chemical structures and typically contain aromatic/heterocyclic rings and various functional groups such as hydroxyl, ketone and ester, which are expected to strongly interact with the metal surface and thus isolate from corrosive environment. [23] [24] [25] Corrosion experiments were performed on a C38 carbon steel (Shengxin Technology Co., Ltd, Shandong, China) with a typical composition (in wt%): 0.370 C, 0.230 Si, 0.680 Mn, 0.016 S, 0.077 Cr, 0.011 Ti, 0.059 Ni, 0.009 Co, 0.160 Cu and the remainder Fe. The steel samples were abraded successively with metallographic abrasive papers from 800 to 1200 grade and then washed thoroughly with double distilled water and finally degreased with acetone and dried at room temperature. All solutions were freshly prepared just before each experiment by adding the extract to the 1 M HCl solution. All experiments have been performed in aerated solutions.
FTIR
The chemical compositions for the extract of pomelo peel have been briefly characterized by a FTIR spectrometer, WQF-520 FTIR (Beijing Rayleigh Analytical Instrument Co., Ltd, China). Weight 150 mg KBr after it was heated up to 60°C for 10 min and triturate it for 3 min in an agate mortar. Press the KBr with a mechanical press to form a translucent schistose. Drip 2 drops of the mixed solution on the translucent schistose. 26 FTIR spectra were acquired by Electrochemistry accumulating 16 scans at a resolution of 4 cm ¹1 in the frequency region of 4400-400 cm ¹1 on this sample.
Electrochemical measurement
All electrochemical studies were made using a computercontrolled potentiostat system CHI604D (Shanghai Chenhua Instrument Co. Ltd, China). A conventional three-electrode cylindrical Pyrex glass cell was used. The temperature was thermostatically controlled at 298 K. The C38 carbon steel of 0.785 cm 2 was the working electrode. A carbon electrode and a saturated calomel electrode (SCE) were used as a counter electrode and a reference electrode, respectively.
The steel electrode was immersed in the test solution for 0.5 h until a steady state open circuit potential (E ocp ) was obtained. Tafel polarization curves were recorded by changing the electrode potential from ¹250 mV to +250 mV versus E ocp at a sweep rate of 0.001 V s ¹1 . AC impedance measurements were carried out in the frequency range of 100 kHz-10 mHz, with 10 points per decade, at E ocp , after 0.5 h immersion, by applying 0.005 V ac voltage peak-topeak. The impedance diagrams are given in the Nyquist representation. The parameters of the EIS were calculated by ZsimpWin software.
Weight loss measurement
The weight loss measurements were performed on C38 carbon steel with a rectangular form of size 5.0 © 1.0 © 0.25 cm in 1 M HCl. Every sample was weighed by an electronic balance (precision « 0.0001 g) and then placed in the test solution (200 mL). The immersion time was 4 h at 298 « 1 K. Weight loss measurements were also carried out at the temperature range from 298 K to 328 K at the concentration of the extract of pomelo peel 0.0713 g/mL. After the corrosion test, the surface of the specimen were carefully cleaned by double distilled water followed rinsing with acetone, dried and weighed again. Triplicate experiments were performed in each case and the mean value of the weight loss is reported. The inhibition efficiency (© G %) was estimated from the corrosion rate, W corr (mg·cm ¹2 h
¹1
) determined from the present weight loss measurements above.
Scanning electron microscopy (SEM) measurement
In order to observe the changes in surface morphologies of corrosive samples before and after the addition of inhibitor, the specimens were first immersed in 1 M HCl in the absence and presence of the extract of 0.0713 g/mL for 48 h at 298 « 1 K, respectively, then cleaned with double distilled water and acetone, and dried with air. The SEM characterization was carried out using JSM-7500F. Figure 2 shows a typical FTIR spectrum for the extract of pomelo peel. Although we are unable to exactly determine the chemical composition of all compounds in the extract only by the IR spectrum, a number of characteristic IR absorption peaks are observed: 3400 cm ¹1 (-OH); 1720 cm ¹1 (-C=O); 2900 cm ¹1 (-CH 3 ); 1400-1600 cm ¹1 (benzene ring); 1000-1200 cm ¹1 (C-O-C) and so on. The IR absorption features are quantitatively consistent with possible mixed components for the extract of pomelo peel as reported in Ref. 22 (Fig. 1 ). Figure 3 illustrates the Tafel polarization curves obtained on C38 carbon steel in 1 M HCl containing different amounts of the extract from pomelo peel. Both the cathodic and anodic reactions were suppressed in the presence of the extract, suggesting that the extract inhibited both the anodic dissolution and the cathodic hydrogen evolution reactions. With the addition of the extract, anodic process of C38 in 1 M HCl showed a platform shape and the corrosion current densities decreased, indicating that the corrosion rate of C38 in 1 M HCl was inhibited by the extract. 26 The extract from pomelo peel was expected to adsorb on the mild steel surface by the donoracceptor interaction between the unshared electrons and O-electrons in the aromatic/heterocyclic rings and these functional groups containing oxygen, and vacant d-orbitals of metal surface. Electrochemistry, 82 (7), 584-590 (2014) Table 1 summarizes the kinetic parameters for the corrosion process such as corrosion potential (E corr ), anodic and cathodic Tafel slopes (¢ a , ¢ c ), and corrosion current density (I corr ), obtained from the Tafel polarization curves in Fig. 3 .
Results and Discussion
FTIR analysis
Tafel polarization measurement
The results in Table 1 demonstrate that the corrosion current densities decreased with the amount of the extract in the solution, indicating its inhibition effect on the corrosion. The corrosion rate became quite low when the concentration of the extract was higher than 0.0713 g/mL. The corrosion rate became significantly higher when the concentration was lower than the value. The decrease of the corrosion rate was small when the extract concentration was high enough.
As shown in Table 1 , E corr shifted slightly (3-25 mV) with addition of the extract from that in 1 M HCl. This type of inhibition behaviors is different from those of anodic type or cathodic type of inhibitors which usually give a displacement of E corr higher than 85 mV. 27, 28 One is expecting that the present inhibitor works in a mixed type behaviors. [29] [30] [31] Figure 4 illustrates the inhibition efficiency (© I ) of C38 in 1 M HCl estimated from Table 1 . The corrosion-inhibiting efficiency could be calculated from Tafel polarization curves as:
where I corr and I 0 corr were the corrosion current densities of the C38 in 1 M HCl in the absence and in the presence of the extract, respectively. Figure 4 demonstrates that the extract from pomelo peel could effectively inhibit the corrosion rate of C38 in 1 M HCl. With the addition of the extract, the corrosion-inhibiting efficiency increased at first. The corrosion-inhibiting efficiency reached the maximum (84%) at the extract concentration of 0.0713 g/mL. The inhibition ability seemed to slightly decrease when the concentration was even higher.
Yurt et al. 33 proposed the following mechanism for the corrosion of iron. According to their mechanism, anodic dissolution of ironcan be described as:
The cathodic hydrogen evolution can be written as:
The active dissolution state of the metal surface can be changed to a passive state, by adsorption of inhibitor species at the metal/ solution interface, protecting the metal surface from the aggressive environment. 34 The inhibitors may adsorb on the metal/acid solution interface by one and/or more of the following ways: (1) electrostatic interaction of protonated molecules with already adsorbed chloride ions, (2) donor-acceptor interactions between the O-electrons of aromatic ring and vacant d orbital of surface iron atoms, (3) interaction between unshared electron pairs of hetero-atoms and vacant d-orbital of iron surface. The adsorption of main constituents of the extract of pomelo peel (Fig. 1) can be attributed to the presence of aromatic/ heterocyclic rings and various functional groups containing oxygen, which can strongly interact with iron surface.
Electrochemical impedance spectroscopy (EIS)
The impedance diagrams (Fig. 5) shows the corrosion behaviour of C38 after 0.5 h of immersion in 1 M HCl, in the absence and presence of the extract of pomelo peel at 298 K.
Based on the references, 35 ,36 the equivalent circuit model was shown in Fig. 6 . In this equivalent circuit, R s is the solution resistance, R ct present the charge transfer resistance whose value is a measure of electron transfer across the surface and CPE is the constant phase element. The constant phase element, CPE, is introduced in the circuit instead of a pure double layer capacitor in order to take into account the electrode surface heterogeneity resulting from surface roughness, impurities, dislocations, grain boundaries, adsorption of inhibitors, formation of porous layers and therefore to give a more accurate fit. 36 The use of CPE-type impedance has been extensively described in accordance to previous reports. Electrochemistry, 82 (7), 584-590 (2014) where Q is the CPE constant, j is the imaginary unit, ½ is the angular frequency (½ = 2³f, the frequency in Hz), and n is the CPE exponent which can be used as a gauge of the heterogeneity and gives details about the degree of surface inhomogeneity (roughness). Depending on the value of n, CPE can represent resistance (n = 0, Q = 1/R), capacitance (n = 1, Q = C), inductance (n = ¹1, Q = 1/L) or Warburg element (n = 0.5). When n = 1, this is the same equation as that for the impedance of a capacitor, where Q = C dl .
In fact, when n is close to 1, the CPE resembles a capacitor, but the phase angle is not 90°. It is constant and somewhat less than 90°at all frequencies. The term double layer capacitance is still often used in the evaluation of electrochemical impedance results to characterize the double layer which is believed to be formed at the metal/solution interface of systems displaying non-ideal capacitive behavior. For providing simple comparison between the capacitive behaviors of different corrosion systems, the values of Q were converted to C dl using the relation:
where, ½ max represents the frequency at which the imaginary component reaches a maximum. It is the frequency at the top of the depressed semicircle, and it is also the frequency at which the real part (Z r ) is midway between the low and high frequency x-axis intercepts.
Various electrochemical impedance parameters obtained by fitting the Nyquist plots were listed in Table 2 . Figure 5 shows that the diameters of the arc increased with the addition of the extract of pomelo peel at first. When the addition reached 0.0713 g/mL, the diameter of the arc reached the maximum value. With the further addition of the extract of pomelo peel, the diameter decreased. The diameters of the arc were in direct proportion to the values of charge transfer resistance (R ct ), and the values of R ct were in inverse proportion to the corrosion rate. The relationship between the concentrations of acid extract of pomelo peel and values of R ct was shown in Table 2 . Therefore, with the addition of the extract of pomelo peel, the corrosion rate of C38 decreased at first. The corrosion rate of C38 reached the minimum value at extract concentration of 0.0713 g/mL. With its further addition, the corrosion rate increased. These results showed an agreement with the results of polarization measurements.
In fact, the presence of the extract of pomelo peel enhances the value of R ct in acidic solution. The values of double layer capacitance are also brought down to the maximum extent in the presence of the inhibitor. The decrease in C dl values is due to the adsorption of the extract of pomelo peel components on the metal surface leading to the formation of film or complex which limits the corrosive effect of the acidic solution. 40 When the addition of the extract of pomelo peel was more than 0.0713 g/mL, the increase of the corrosion rate of C38 was mainly induced by desorption of the extract of pomelo peel. These results were all in consistency with the results from polarization curves.
The corrosion-inhibiting efficiencies were calculated from EIS (© R ct ) as:
where R ct and R 0 ct were charge transfer resistance calculated from EIS in 1 M HCl in the absence and in the presence of the extract, respectively. The corrosion-inhibiting efficiencies calculated from Table 2 were shown in Fig. 7 . This result is comparable with that in Fig. 4 estimated from the corrosion currents. It was obvious that the changes of © R ct were the same as that of © I . The extract of pomelo peel could effectively inhibit the corrosion rate of C38 in 1 M HCl. The inhibition efficiency reached maximum value (84.1%) at the extract concentration of 0.0713 g/mL. Figure 6 . The electrochemical equivalent circuit used to fit the impedance results. Electrochemistry, 82 (7), 584-590 (2014) the extract of pomelo peel. The corrosion inhibition efficiency © G was calculated as:
Weight loss measurement
where W corr and W 0 corr are the corrosion rates of steel in the absence and the presence of the extract. Figure 8 clearly shows that the corrosion-inhibiting efficiencies of the extract on C38 in 1 M HCl estimated from the weight loss measurement, which was the traditional method for evaluating the parameters of the corrosion inhibitor, similar to those obtained in Figs. 4 and 7 .
It could be seen that the extract of pomelo peel could inhibit the corrosion rate of C38 effectively. With the increase of the extract concentration, the corrosion rate decreased (W corr in mg h ¹1 cm ¹2 ) while the corrosion inhibiting efficiencies increased at first, and declined after the concentration reached 0.0713 g/mL. The maximum corrosion-inhibiting efficiency was found to 89.0%. These results were all in accordance with the results from Tafel polarization curves and EIS. Figure 9 summarizes these ©% values obtained by different methods above. One can see that whatever the method used, similar ©% values were observed. A good correlation with the three methods has been obtained in the work and the extract from pomelo peel can work as an efficient corrosion inhibitor for C38 in 1 M HCl.
Effect of temperature
The effect of temperature on the corrosion behaviour of C38 in 1 M HCl containing inhibitor with a concentration 0.0713 g/mL has also been studied in the temperature range 298 and 328 K using weight loss measurements. Table 4 and Fig. 10 show corrosion behaviors at different temperature, indicating a decrease of ©% with temperature for the mild steel in 1 M HCl in the presence of 0.0713 g/mL extract of pomelo peel.
It is obvious that the corrosion rate increases both in the uninhibited and inhibited acid solution with the rise of temperature. The presence of inhibitor leads to decrease of the corrosion rate. ©% depends upon the temperature and decreases with temperature. This can be attributed to increased desorption rate of the inhibitor molecules from the surface of mild steel with increasing temperature. These results confirmed that the extract of pomelo peel acts as a good inhibitor for C38 in 1 M HCl in the range of temperature studied.
Furthermore, the apparent activation energies for the corrosion process were determined from the temperature dependence based on the Arrhenius equation: Figure 10 . The effect of temperature on ©% for the mild steel in 1 M HCl containing 0.0713 g/mL of the extract inhibitor.
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where W corr and W 0 corr are the corrosion rates of steel without and with inhibitor, respectively. E a and E 0 a are the apparent activation energies in the absence and presence of inhibitor, respectively.
Straight lines of Arrhenius law permit the evaluation of activation energies from the corresponding slopes (Fig. 11) . Values obtained of activation energies are E a ¼ 57:04 KJ/mol and E 0 a ¼ 83:54 KJ/mol, respectively. It is clear that the addition of inhibitor provokes an increase in the values of apparent activation energy. Popova et al. 41 pointed out that the decrease of ©% may be attributed to the specific interaction between the iron surface and the inhibitor components. The higher value of activation energy E 0 a in comparison with E a may be attributed to an electrostatic adsorption mechanism of the inhibitor. [41] [42] [43] The activation parameters for the studied system (ÁH 
where N is the Avogadro's number, h is the Planck's constant, ÁH Ã a and ÁS Ã a are the enthalpy and the entropy of activation. R is the ideal gas constant. Figure 12 shows a plot of Ln (Table 5 ). Table 5 revealed that the thermodynamic parameters (ÁH Ã a and ÁS Ã a ) for dissolution reaction of steel in 1 M HCl in the presence of inhibitor is higher than that of in the absence of inhibitor. The positive sign of ÁH Ã a reflected the endothermic nature of the steel dissolution process, suggesting that the dissolution of steel is slow in the presence of inhibitor. 45 The large negative value of ÁS Ã a for steel in 1 M HCl implies that the activated complex is the ratedetermining step, rather than the dissociation step. On comparing the values of the entropy of activation (ÁS Ã a ), it is clear that entropy of activation increased in the presence of the extract of pomelo peel than in the absence of inhibitor. The increase of ÁS Ã a reveals that increase in disordering takes place on going from reactant to the activated complex. 29 It is also observed that E a > ÁH Ã a by a value which approximately equal to RT which is equal to 2.48 kJ/mol. From the thermodynamic and kinetic point of view, the unimolecular reaction is characterized by following equation:
Thus, mild steel sample corrodes in 1 M HCl solutions either in absence or presence of different concentrations of the studied inhibitors by a unimolecular reaction.
Adsorption isotherm
As demonstrated above, the E a for the corrosion process increases while ©% decreases in the presence of the extract, which can be attributed to the chemisorption of the extract. 47 Both gravimetric and electrochemical measurements suggest that the extract of pomelo peel can partially inhibit the dissolution of iron and evolution of hydrogen by blocking the corroding sites. 48 Based on these results, it is assumed that the surface coverage (ª) by the inhibitor, is directly proportional to that of corrosion inhibition efficiency. Based on Eq. (5), we have,
The inhibitor adsorption on the iron surface is expected to reach a quasi-equilibrium state. 29 Several adsorption isotherm models, such as Langmuir, Temkin and Frumkin adsorption isotherms, are available to describe the quasi-equilibrium adsorption state. 29, 32, 47 ª has been estimated from weight loss measurements based on Eq. (9) under different inhibitor concentrations (C inh ) ( Table 3 ). The three types of isotherms have been employed to fit the observed relationship between ª and C inh . It was found that the Langmuir adsorption isotherm gives a best fit to the experimental observations. Figure 13 shows an example for the analysis process using the Langmuir isotherm. Based on the definition for the Langmuir isotherm, we have: 29, 32, 47 
where K ads is the adsorption coefficient. The equation suggests that C inh /ª is linearly proportional to C inh . Figure 13 shows the observed C inh /ª as a function of C inh . One is able to see that a good linear relation is observed between C inh /ª and C inh (R 2 = 0.998), indicating that Langmuir isotherm works well for the case. Electrochemistry, 82(7), 584-590 (2014)
SEM observation
The morphological changes on the C38 sample surface were evaluated by SEM observations. Figure 14 shows a SEM photograph recorded for steel samples exposed in 1 M HCl at 298 « 1 K. In the absence of inhibitor, it can be seen [ Fig. 14(a) ] that the steel samples after immersion seem very rough and apparent cracks were observed on the surface. However, in the presence of inhibitor (0.0713 g/mL), the rough surface [ Fig. 14(b) ] is clearly reduced and no apparent cracks were observed on the surface, which shows the formation of stable anticorrosion films.
Conclusions
From the overall experimental results the following conclusions can be deduced:
1. The extract from pomelo peel provides a good inhibition of corrosion of C38 carbon steel in 1 M HCl. 2. The inhibition efficiency increases with amount of the extract and reaches a maximum value of 89% at 0.0713 g/mL. 3. The inhibition efficiency decreases with increasing temperature. 4. The results obtained from different measurements are in reasonably good agreement. 5. It was found that the Langmuir-type adsorption of the extract protect iron surface from corrosion. Electrochemistry, 82 (7), 584-590 (2014) 
